16 first described herniated disc material as a cause of neural compression in the lumbar spine, lumbar disc surgery has evolved into less invasive procedures. Introduced in 1977, microdiscectomy has become the standard treatment for lumbar disc herniations refractory to conservative measures. 3, 28 Although the herniated fragment was identified as the offending agent, it has always been considered necessary to remove (most of) the disc. This dogma has been based on the assumption that increased rates of recurrent disc herniations would ensue after sequestrectomy alone. For the small subgroup of patients with a free fragment compressing the nerve root, Williams 26 was the first to report encouraging results following minimal removal of tissue from the intervertebral disc space. In this subpopulation (Յ 10% of the overall population with disc herniations), other investigators have confirmed, in retrospective studies, success rates of greater than 90% without increased rates of reherniations. 8, 23, 25 Randomized or prospective studies are lacking.
Although the herniated fragment was identified as the offending agent, it has always been considered necessary to remove (most of) the disc. This dogma has been based on the assumption that increased rates of recurrent disc herniations would ensue after sequestrectomy alone. For the small subgroup of patients with a free fragment compressing the nerve root, Williams 26 was the first to report encouraging results following minimal removal of tissue from the intervertebral disc space. In this subpopulation (Յ 10% of the overall population with disc herniations), other investigators have confirmed, in retrospective studies, success rates of greater than 90% without increased rates of reherniations. 8, 23, 25 Randomized or prospective studies are lacking.
It is well known that a decrease in disc space height coincides with loosening of ligaments and articular capsules, which may result in segmental instability and spondylosis 5, 14 and may thus contribute to the significant proportion of the so-called failed-back surgery syndrome after lumbar microdiscectomy. 8, 23, 25 Consequently, some investigators have studied nucleus substitutes 2, 18 or autologous transplantation of chondrocytes 10, 11 in an attempt to reduce the height loss and to slow subsequent segmental degeneration. Why not, however, leave potentially healthy disc tissue in the intervertebral space in the first place? In view of these considerations, the paucity of studies on lumbar sequestrectomy and the blanket acceptance of the discectomy-related dogma is even more surprising.
The purpose of this randomized prospective study was therefore to compare short-term complications and early clinical outcome between microdiscectomy and sequestrectomy in patients with herniated lumbar discs.
Clinical Material and Methods
The study protocol was approved by the institutional ethics committee. Eighty-four patients with a mean age of 41 Ϯ 10 years (Ϯ SD) and single-level lumbar herniated discs refractory to conservative treatment were recruited consecutively between May 2002 and July 2003. The following inclusion criteria needed to be met: 1) no previous lumbar spine surgery; 2) no emergency indication for surgery; 3) age between 18 and 60 years; 4) proficient enough in the German language to complete the selfassessment questionnaires; 5) MR imaging-documented intraspinal (not extraforaminal) disc fragment that had perforated the anulus fibrosus; and 6) no MR imagingdocumented associated lumbar disease such as lumbar spinal stenosis or spondylolisthesis.
In contrast to previous studies, 25, 26 we included not only cases of herniated discs with free fragments, but also subligamentary herniations and herniations that only partially passed the anulus fibrosus (that is, so-called transanular herniations that were still in continuity with the disc space; Fig. 1 ). Of the 416 patients surgically treated at our institution for intraspinal lumbar disc herniations during the study period, 221 fulfilled the non-MR imaging-related criteria (Criteria 1-4). In 84 (38%) of these, MR imaging demonstrated a herniated disc perforating the anulus, whereas in the remainder protrusions, subanular extrusions, or concomitant spinal lesions were observed.
Randomization Process
The patient's admission number was used for the blind randomization of personal data. If a patient met the inclusion criteria according to the admitting physician, a concealed computer-generated randomization list was used to assign the patient to either of the two treatment groups.
Preoperative Assessment
All patients underwent standardized neurological and clinical assessments, and lower-back and leg pain were documented separately according to a self-assessment 10-point VAS. 22 Pain was defined as significant (VAS score Ͼ 3). Physical and mental health status was measured using the SF-36. 24 Possible depressive symptoms, known to influence outcome following lumbar disc surgery, were assessed using a self-assessment depression scale, the Allgemeine Depressionsskala (score range 0-60). 12 Preoperative data were collected through standardized patient questionnaires the day before surgery.
Surgical Procedures
Surgery was performed after induction of general endotracheal anesthesia and with the assistance of an operating microscope (Carl Zeiss Co., Oberkochen, Germany) while the patient was in a prone position. Surgery was performed by two surgeons (P.S. and C.T.) in a standardized manner. In brief, the spinal canal harboring the sequestrated disc material was exposed by performing a minimal interlaminar fenestration in cases of nondislocated or caudally herniated discs. In cases of cranially positioned herniated discs, a translaminar approach was undertaken, if possible. Thus, minimal removal of bone and articular structures was achieved by individualization of the procedure according to the preoperative MR imaging-depicted anatomy. In the sequestrectomy-treated group, only the herniated material was removed and the intervertebral space was not entered. In the microdiscectomy-treated group, the removal of the herniated material was followed by scalpel incision of the anulus fibrosus and resection of discal tissue from the intervertebral space-that is, particularly the (degenerated) nucleus-with rongeurs. Curettes were not used, and injury to the cartilaginous endplates was avoided. The location of the sequestrated material, the appearance of the anulus, and perioperative complications were documented. Patients were mobilized the evening after surgery.
Assessment of Outcome
A standardized assessment was conducted at discharge, during the follow-up period in our outpatient clinic 4 to 6 months after surgery, and via telephone with one author (M.B.) at 12 to 18 months after surgery.
At the first follow-up examination, outcome was assessed using standardized self-administered questionnaires completed by the patients prior to their visit. The preoperative parameters (neurological signs and symptoms, VAS score, and SF-36 score) were assessed again, and a standardized questionnaire evaluating relief of symptoms (lowback pain, sciatica, sensory deficit, motor deficit) was added. To assess the patient's functional and economic capacity, the Prolo functional-economic outcome rating scale 20 was applied. The economic and functional subscales grade each range from 1 (poor) to 5 (excellent) expressing the capacity for gainful employment and the effect of pain on the activities of daily living. According to previous studies, 7 the total Prolo Scale score ranging from 2 to 10 was dichotomized to reflect unfavorable (poor, 2-4; moderate, 5-6) and favorable (good, 7-8; excellent, 9-10) outcomes. To evaluate the patient's satisfaction with the postoperative result, a self-assessment PSI was applied. 6, 19 The PSI is a modified subitem of the North American Spine Society outcome questionnaire. It is scored as follows. 1) "Surgery met my expectations." 2) "I did not improve as much as I had hoped but I would undergo the same operation for the same results." 3) "Surgery helped but I would not undergo the same operation for the same results." 4) "I am the same or worse as compared to before surgery." Patient satisfaction was dichotomized in satisfactory (PSI Score 1-2) and unsatisfactory (PSI Score 3-4) outcome.
At the second follow-up evaluation, a standardized telephone interview was conducted to determine if the symptoms were improved, unchanged, or worse compared with the previous follow-up status. Additionally, the intensity of low-back pain and sciatica were assessed. Patients in whom symptoms had worsened underwent reevaluation clinically in our outpatient clinic. Patients presenting with recurrent sciatica and/or recurrent sensorimotor deficits underwent postoperative MR imaging. In cases of reherniations, microdiscectomy-based revision surgery was performed.
Perioperative, 4-to 6-month follow-up, and 12-to 18-month follow-up data were available for 84 (100%), 77 (microdiscectomy 39, sequestrectomy 38 [92%]), and 73 (microdiscectomy 36, sequestrectomy 37 [87%]) patients, respectively.
Statistical Analysis
All values are expressed as the means Ϯ SDs. The unpaired Student t-test, Mann-Whitney rank-sum test, chisquare test, and Fisher exact test were used, as applicable, to analyze intergroup differences in the preoperative clinical and demographic characteristics (age, sex ratio, duration of symptoms, VAS scores, clinical presentation, SF-36 scores, and so on) and in clinical outcome variables. The Wilcoxon signed-rank test was used to analyze the intragroup changes. The chi-square and Fisher exact tests were used to analyze intergroup differences in complications, reoperations, and dichotomized outcome variables. Statistical significance was set at a probability value less than 0.05.
Results
Forty-two patients were randomized to the microdiscectomy group and 42 patients to the sequestrectomy group. The L5-S1 and L4-5 segments were most commonly affected. There were no significant intergroup differences in the preoperative characteristics ( Table 1 ). The mean age at surgery was 40 Ϯ 10 years in the microdiscectomy group and 42 Ϯ 9 years in the sequestrectomy group (difference not significant). The mean duration of acute symptoms was 8 Ϯ 10 and 11 Ϯ 12 weeks in the microdiscectomy and sequestrectomy groups, respectively (difference not significant), although a significant proportion of patients reported previous episodes of low-back pain or sciatica. At admission, the VAS low-back pain scores were 5.9 Ϯ 2.5 and 5.2 Ϯ 2.6 for the microdiscectomy and sequestrectomy groups, respectively (difference not significant). The VAS sciatica pain scores were 6.7 Ϯ 2.3 and 5.9 Ϯ 2.6 (difference not significant), respectively. Analysis of the general depression scores revealed symptoms of depression in 10 microdiscectomy-treated patients and seven sequestrectomy-treated patients (difference not significant). There were low SF-36 admission scores, especially for the subscales physical functioning, role-physical functioning, bodily pain, vitality, and the physical component summary (no significant differences).
Surgery-Related Parameters
The mean operative duration of 38.2 Ϯ 10.3 minutes in the microdiscectomy group was significantly longer than the 32.6 Ϯ 13.8 minutes required in the sequestrectomy group (p Ͻ 0.05). Blood loss never exceeded 400 ml and its means were 78.2 Ϯ 61.6 and 67.0 Ϯ 85.4 ml in the microdiscectomy and sequestrectomy groups, respectively (difference not significant). There were no intraoperative complications such as dural or nerve injury.
Intraoperative Morphological Findings
Twenty-six percent and 41% of herniated discs proved to be free fragments in microdiscectomy-and sequestrectomy-treated patients, respectively (difference not significant), whereas most herniations were found in the subligamentous region (Table 2 ). In 41% (microdiscectomy) and 28% (sequestrectomy) of cases the sequestrated material was found to have a remnant in the disc space (that is, transanular herniations; difference not significant). In these patients, a perforation of the anulus fibrosus was obviously present. Overall, a perforated anulus was found intraoperatively in 55% of microdiscectomy-treated patients and 49% of those undergoing sequestrectomy, respectively (difference not significant). As mentioned earlier, regardless of these findings, the surgery was continued as randomized.
In-Hospital Course
Postoperative VAS wound pain scores were 3.2 Ϯ 1.7 and 3.1 Ϯ 1.7 in microdiscectomy and sequestrectomy groups, respectively (difference not significant); at discharge after 2.9 Ϯ 1.3 days (range 1-5 days) and 2.8 Ϯ 1.4 days (range 1-7 days), respectively (difference not significant); low-back pain scores were reduced to 1.4 Ϯ 0.8 and 1.6 Ϯ 0.9, and sciatica scores to 1.1 Ϯ 0.4 and 1.2 Ϯ 0.5, respectively (difference not significant; p Ͻ 0.001 compared with preoperative values in both groups) (Fig. 2) .
Repeated Operation Rates
There was one case of superficial wound infection (microdiscectomy group) that required repeated operation. Four patients (at 1, 3, 4, and 18 months) after microdiscectomy (10%) and two patients (at 1 and 5 months) after sequestrectomy (5%) required revision surgery for reherniation in the first 18 months.
Clinical Outcome
At follow-up evaluation 4 to 6 months after microdiscectomy or sequestrectomy VAS low-back pain scores were 1.6 Ϯ 2.5 and 0.9 Ϯ 1.4, and sciatica scores were 1.3 Ϯ 2.5 and 0.7 Ϯ 1.7, respectively; pain remained largely unchanged thereafter at 12 to 18 months (1.6 Ϯ 2.1 and 0.8 Ϯ 1.7, respectively [microdiscectomy group], and 1.0 Ϯ 1.7 and 0.6 Ϯ 1.4 [sequestrectomy group]; p Ͻ 0.001 [not significant] compared with preoperative scores) (Fig.  2) . Ten patients (microdiscectomy group, four; sequestrectomy group, six) were clinically reevaluated at 12 to 18 months for worsening of symptoms compared with early follow-up levels, which were insignificant (minor low-back pain after strenuous exercise) in most of them. Magnetic resonance imaging revealed a reherniation in only one of these patients (microdiscectomy group). Although there was no significant intergroup difference, a tendency toward increased pain compared with discharge status was observed in microdiscectomy-treated patients. This trend can be attributed to several patients in whom significant pain (VAS score Ͼ 3) was present at follow up. After microdiscectomy, their incidence increases from 8% at discharge to 19% at 12 to 18 months for low-back pain and from 0 to 11%, respectively, for sciatica, whereas the incidence after sequestrectomy remains more stable (Table 3) .
Relief of symptoms (low-back pain, sciatica, sensory deficit, and motor deficit) occurred in the vast majority of patients. Improvement rates were higher after sequestrectomy compared with those after microdiscectomy, but these differences did not reach statistical significance (Fig.  3 ). According to the Prolo Scale score, 76% of microdiscectomy-treated patients and 92% of sequestrectomy-treated patients experienced good-to-excellent outcome at 4 to 6 months after surgery (difference not significant; Fig. 4) . At the same time, analysis of patient satisfaction revealed a trend toward a better result after sequestrectomy, with only 3% of patients unsatisfied compared with 18% after microdiscectomy (p = 0.06; Fig. 4) . Analysis of SF-36 data demonstrated a highly significant improvement in most subscales at 4 to 6 months compared with preoperative subscale scores. Again, there was a trend toward higher scores in the sequestrectomy group (Table 4 ).
Discussion
We have described the results of the first randomized prospective study for comparison of early outcome after sequestrectomy alone and standard microdiscectomy in 84 patients with herniated lumbar discs. The repeated operation rate was not increased following removal of only the herniated material during the first 12 to 18 months. Outcome analysis demonstrated a trend in favor of sequestrectomy.
Traditionally, microdiscectomy-related neural decompression was achieved by excision of the herniated disc material, resection of as much intervertebral tissue as possible, and curettage of the endplates. 3 This technique has been based on the assumption that the likelihood of reherniation would be reduced by increasing the amount of resected disc tissue. 25 This dogma has hardly been challenged, although scientific evidence justifying it is lacking. It is known that complete removal of all disc material is impossible. 13, 15 Consequently, repeated operations could not be avoided when this approach has been used. 4, 7 On the other hand, aggressive discectomy has been associated with reduced intervertebral height, which is thought to cause segmental instability and thus accelerate spondylosis. 5, 14, 25 This may contribute to the significant incidence of failed-back surgery syndrome as well as late-onset sequelae of disc surgery after asymptomatic intervals. Although long-term studies for evaluating these sequelae are scarce, some investigators have shown that the incidence of low-back pain in patients who do not undergo endplate curettage is reduced. 1 Mochida, et al., 17 have confirmed that less aggressive removal of disc material may be associated with better radiographic and clinical results. Even if scientific proof for these causal relationships does not exist, many neurosurgeons currently use rongeurs to remove the degenerated intervertebral disc material but avoid endplate currettage in an attempt to prevent acceleration of segmental degeneration.
To reestablish disc height and counteract the development of spondylosis, nucleus prostheses have been applied. 2, 18 Substantial experimental and, recently, clinical efforts have also been invested in nucleus transplantation or transplantation of disc chondrocytes. 10, 11 The efficacy of their incorporation and the long-term effectiveness, however, is questionable. In particular in younger patients, substantial parts of the affected disc are thought to be only minimally degenerated, which begs the question of why we do not leave potentially healthy disc tissue in the intervertebral space in the first place.
As a consequence, Williams 26, 27 introduced the concept of microsurgical removal of the offending material resulting in minimal injury to the surrounding osseous, articular, and disc structures. His technique included dilation of the anulus fibrosus, excision of tissue fragments "which can be easily mobilzed from the intervertebral space," and visualization of the nerve root. He reported recurrence rates of 4 to 9% and a clinical success rate of 90%. Several investigators have confirmed these results, 8, 23, 25 which have been thoroughly summarized by Wenger, et al. 25 The results compare favorably with those achieved after microdiscectomy (recurrence rates 3-11%; clinical success rates 50-90%). Rogers, 21 however, reported a recurrence rate of 21% (seven of 33 patients) after excision of only the herniated fragments. Unfortunately, these studies are retrospective and lack an adequate control group, thus limiting scientific power.
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Outcomes comparison: lumbar sequestrectomy and microdiscectomy It is important to note that Williams' technique 26 included (blunt) opening of the anulus and that Rogers 21 even incised the anulus in most of his patients. Herniated discs in young patients in whom codisease is absent cause acute symptoms solely due to the mass effect (and potential inflammatory actions) of the sequestrated material. Simple removal of the offending agent should suffice. As some time passes (10-11 weeks in our series) during attempted conservative treatment, some healing or scarring of the anular rupture site should have occurred. Reopening the anulus may therefore promote reherniation. Based on these theoretical arguments and in contrast to the more conservative surgical approach advocated by Williams, we did not enter the disc space in sequestrectomy-treated patients. If a perforation of the anulus was present, it was documented. If the herniated material was in continuity with the disc space (transanular herniation), it was removed in one piece without entering the intervertebral space. In contrast to previous studies, 8, 21, 23, [25] [26] [27] these less restrictive inclusion criteria encompass the more common herniations (40% of patients of the corresponding age group at our institution) as well, which increases the impact of our findings on general neurosurgical practice.
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An additional advantage of sequestrectomy is that abdominal or retroperitoneal injury is avoided because the disc space is not entered. Although extremely rare, these complications have been associated with devastating results. 9 The reoperation rate of 10% after microdiscectomy (four of 42 patients) seems higher than rates reported in the literature, although we have no explanation for this finding. Reherniation occurred in 5% of sequestrectomytreated patients within 12 to 18 months, which is in accordance with the literature. 25 At present, the follow-up period in our randomized study remains short. In his 12-year review, however, Williams 27 reported that 92% of reherniations occurred within the first 9 months, and Rogers 21 indicated that most recurrences appeared within 6 months. Five (83%) of the six reherniations in our study also occurred during the first 6 months. Regardless of the necessity for longer follow-up review, we believe that our data provide some evidence that reherniations are not increased after sequestrectomy.
Outcome analysis in the present study involved data regarding improvement of symptoms, patient satisfaction, and well-recognized measures of economic and functional capacity as well as of quality of life. Surgery-related results remained stable during the first 12 to 18 months. Success rates of greater than 90% underscore a trend in favor of sequestrectomy, which confirms retrospective data reported in the literature. It might be speculated that sequestrectomy results in a reduced incidence of longterm failed-back surgery syndrome. Further follow-up data will be obtained in our patients.
Conclusions
According to our preliminary data, sequestrectomy does not yield a higher incidence of symptomatic recurrences compared with microdiscectomy in patients with free, subligamentary, or transanular lumbar disc herniations. Analysis of early outcome demonstrates a trend toward superior results after sequestrectomy. Although long-term follow-up examination is mandatory, sequestrectomy may be an advantageous alternative to standard microdiscectomy.
